Growing evidence demonstrates dramatic structural and functional neuroplastic changes in individuals born with early-onset blindness. For example, cross-modal sensory processing at the level of the occipital cortex appears to be associated with adaptive behaviors in the blind. However, detailed studies examining the structural properties of key white matter pathways in other regions of the brain remain limited. Given that blind individuals rely heavily on their sense of hearing, we examined the structural properties of two important pathways involved with auditory processing, namely the uncinate and arcuate fasciculi. High angular resolution diffusion imaging (HARDI) tractography was used to examine structural parameters (i.e., tract volume and quantitative anisotropy, or QA) of these two fasciculi in a sample of 13 early blind individuals and 14 normally sighted controls. Compared to controls, early blind individuals showed a significant increase in the volume of the left uncinate fasciculus. A small area of increased QA was also observed halfway along the right arcuate fasciculus in the blind group. These findings contribute to our knowledge regarding the broad neuroplastic changes associated with profound early blindness.
Introduction
Growing evidence suggests that the brain undergoes dramatic structural and functional changes as a result of profound early blindness. For example, studies using diffusion tractography have reported evidence of increased white matter connectivity between the occipital cortex and other areas of the brain such as frontal cortical regions (Ptito et al., 2008; Bauer et al., 2017) . Similarly, tracer studies in visually deprived animal models (e.g., neonatally binocularly enucleated opossums) have demonstrated the existence of increased direct inputs from auditory, somatosensory and multimodal cortical areas with the occipital cortex (Karlen et al., 2006) . Functionally, numerous studies have shown that the occipital cortex is recruited for the processing of non-visual sensory information, as well as for cognitive tasks including memory and language (e.g., Ricciardi et al., 2014; Bauer et al., 2015;  for review see Cattaneo et al., 2008, and Pascual-Leone, 2010) . Together, these studies highlight the role of the occipital cortex in cross-modal sensory processing and may represent an important neurophysiological substrate related to the adaptive behaviors observed in individuals who are blind (Voss & Zatorre, 2012) . However, studies examining the structural properties of key white matter pathways implicating other sensory modalities and regions of the brain remain limited. For example, blind individuals are highly reliant on their sense of hearing as a means to acquire information about their surroundings. Thus, one may expect to observe differences in the structural properties of white matter pathways implicated in auditory processing.
The auditory system is associated with two prominent white matter pathways, namely the arcuate and uncinate fasciculi. Both these pathways connect frontal to temporal cortices, but support different functions. The arcuate fasciculus constitutes the neuroanatomical correlate of the dorsal auditory pathway (Hickok & Poeppel, 2004) and is implicated in complex syntactic processes (Wilson et al., 2011) , auditory-to-motor mapping (Geschwind, 1965) , speech fluency (Fridriksson et al., 2013) and speech production (Marchina et al., 2011) . Fibers of the arcuate fasciculus curve around the Sylvian fissure, connecting Wernicke's area with Broca's area (Fern andez-Miranda et al., 2015) . In contrast, the uncinate fasciculus is believed to represent the neuroanatomical correlate of the ventral auditory stream (Hickok & Poeppel, 2004) , arching around the insula and connecting the frontal lobe to the anterior temporal lobe (Hau et al., 2016) . Establishing the specific role of the uncinate fasciculus remains a topic of debate (Von Der Heide et al., 2013) , and this pathway is likely involved with a number of functions, such as auditory and verbal working memory (Schaeffer et al., 2014) and semantic processing, including naming of objects and people (Papagno, 2011) . Evidence also suggests that the uncinate fasciculus may be involved with reading, sound recognition, spatial navigation, and social and affective processes (see Von Der Heide et al., 2013; Olson et al., 2015 for reviews) .
In this study, we employed high angular resolution diffusion imaging (HARDI; Tuch et al., 2002) and white matter fiber reconstruction methodologies to characterize properties related to the structural integrity (i.e., tract volume and average quantitative anisotropy; or QA) of the arcuate and uncinate fasciculi in early blind individuals compared to normally sighted controls. While both HARDI and diffusion tensor imaging (DTI) techniques provide information regarding the degree of water diffusivity in the brain in order to derive local axonal fiber orientation, HARDI utilizes a stronger diffusion gradient than DTI and is able to resolve multiple fiber orientations within each voxel (Tuch et al., 2002) . Thus, it has become increasingly established that HARDI is superior to DTI in its ability to delineate crossing fibers and ultimately the overall microarchitecture of the brain (Tuch et al., 2002; Berman et al., 2013; Seunarine & Alexander, 2014) .
To the end, we applied HARDI tractography to investigate neuroplastic changes outside of occipital cortical regions related to early visual deprivation. Specifically, we investigated the possibility of structural changes at the level of arcuate and uncinate fasciculi; the key white matter pathways implicated with auditory processing.
Materials and methods

Study participants
Thirteen early blind (six females, mean age: 33.62 years, age range: 25-46 years) and 14 normally sighted controls (six females, mean age: 29.21 years, age range: 19-44 years) took part in the experiment. The blind and sighted control groups did not significantly differ in terms of age (t 25 = À1.54, P = 0.14) or gender (v 2 = 0.03, P = 0.86). While the majority of the blind participants had diagnoses that could be considered of 'congenital' cause, for the purposes of this study 'early blindness' was defined as clinically documented residual visual functioning no greater than light perception and/or hand motion perception acquired prior to the age of three. The etiologies of blindness were varied and included retinal dystrophies as well as ocular malformations (see Table 1 ). Apart from blindness, the participants had no documented cognitive or neurological abnormalities. Sighted controls had normal or corrected-to-normal visual acuity.
Written informed consent was obtained from all subjects prior to participation, and all experimental procedures were approved by the Institutional Review Board at the Massachusetts Eye and Ear Infirmary, Boston, MA, USA, and conformed with the World Medical Association Declaration of Helsinki.
MRI acquisition and analysis
All imaging data were acquired on a 3T Philips Achieva System (Best, the Netherlands) with an 8-channel phased-array coil. Two structural T 1 -weighted scans were acquired using a turbo spin echo sequence (TE = 3.1 ms, TR = 6.8 ms, flip angle = 9°, voxel size 0.98 9 0.98 9 1.20 mm), and HARDI was acquired with a singleshot EPI sequence (TE = 73 ms, TR = 17 844 ms, flip angle 90°, 64 directions, EPI factor = 59, Bmin = 0 s/mm 2 , Bmax = 3000 s/mm 2 , voxel size = 2 mm isotropic, enhanced gradients at 80 mT/m, and a slew rate of 100 T/m/ms).
High angular resolution diffusion imaging data were skull-stripped and corrected for eddy currents in FSL 5.0.8 (FMRIB Software Library, http://fsl.fMRib.ox.ac.uk/fsl). Motion was less than a voxel (i.e., 2 mm) for each subject and contained no large spikes (absolute motion = 1.14 mm AE 0.27 SD, relative motion = 0.69 AE 0.21 SD). The orientation distribution function (ODF) was reconstructed in DSI-Studio (http://dsi-studio.labsolver.org) using generalized q-sampling imaging (Yeh et al., 2010) with a diffusion sampling length ratio of 1.25, ODF sharpening via decomposition (Yeh & Tseng, 2013) , decomposition fraction of 0.04 and maximum fiber population of 8. Three fibers per voxel were resolved with an eightfold ODF tessellation. HARDI data were co-registered to the corresponding T 1 -weighted structural image for each subject using boundarybased registration in FreeSurfer (Greve & Fischl, 2009 ). Registration accuracy was verified for each subject, and manual corrections were performed where necessary. Each of the 68 cortical T 1 -weighted parcellations (Desikan et al., 2006) was reverse-transformed into subject-specific HARDI space, creating the seed (start) and target (end) point regions of interests (ROIs) for tractography analysis.
An in-house MATLAB script utilizing the tractography function from DSI-Studio generated streamlines between the ROIs (see below) with the following user-defined parameters: termination angle of 45°, subject-specific QA threshold (Abhinav et al., 2014) , smoothing of 0.5, step size 0.5 mm, minimum length = 5 mm, maximum length = 300 mm, random fiber direction, Gaussian radial interpolation and 100 000 seeds. Tract volume and mean QA were examined for each reconstructed fasciculus bilaterally based on calculations in DSI-Studio, whereby tract volume is calculated based on the number of voxels containing a fiber (Volume = N voxels 9 voxel size) and mean QA is the average of QA values samples at tract coordinates. 
Parcellation of fasciculi
The arcuate fasciculus was defined using start seeds of the pars opercularis, pars triangularis, medial orbitofrontal, caudal middle frontal and precentral gyrus with target seeds of the supramarginal gyrus, banks of the superior temporal sulcus, transverse temporal, as well as the inferior, middle and superior temporal gyri (Kamali et al., 2014; Fern andez-Miranda et al., 2015) . The uncinate fasciculus was defined using start seeds of the lateral orbitofrontal, medial orbitofrontal, pars opercularis, pars triangularis, pars orbitalis, rostral middle frontal and frontal pole with target seeds of the entorhinal cortex, fusiform, inferior temporal, superior temporal, temporal pole and transverse temporal (Hau et al., 2016) .
All tractography seeds were generated from the Desikan atlas (Desikan et al., 2006) . Reconstructed fibers for each subject were visually assessed for accuracy. Any fibers not belonging to the fasciculi of interest (e.g., from the extreme capsule) were removed.
Statistical analysis
Statistical analyses were performed in SAS University Edition running on an Oracle VM VirtualBox. To remove the potential effects of head size, residuals of total intracranial volume (as calculated in FreeSurfer) were computed for tract volume (Sanfilipo et al., 2004; Pintzka et al., 2015) . Note that the means of the residuals average to zero, resulting in negative and positive values. Equality of variances was assessed with a folded F-test. If variances were equal, a two-sample pooled t-test was used, while a Satterthwaite t-test was used in instances of unequal variance. Bonferroni correction was used for multiple comparisons, and results were considered significant at a threshold of P < 0.05. Finally, a series of t-tests were used to examine the possible effect of hemispheric laterality within each group on tract volume and mean QA measures of the arcuate and uncinate fasciculi.
As a secondary analysis, along-tract variations in QA between blind and sighted groups were assessed for each reconstructed fasciculus (Colby et al., 2012) . A permutation analysis using 10 000 permutations was used to control for familywise error and multiple comparisons.
Results
The uncinate and arcuate fasciculi were reliably reconstructed bilaterally for each subject. In agreement with known anatomy, the uncinate and arcuate fasciculi connected frontal to temporal regions either arching medially around the insula or posteriorly around the Sylvian fissure, respectively (Kamali et al., 2014; Fern andez-Miranda et al., 2015; Hau et al., 2016) . Representative example reconstructions from a blind and sighted subject are shown in Fig. 1 . Prior to adjusting for intracranial volume, the left uncinate was significantly larger than the right in the sighted control group (1060.5 mm 3 AE 224.3 SD compared to 1355.0 mm 3 AE 480.5 SD, respectively; t 18.41 = À2.08, P = 0.05), while there was no statistically significant difference between the tract volume of the left and right uncinate fasciculi in the blind group (1429.1 mm 3 AE 371.3 SD compared to 1557.0 mm 3 AE 420.4 SD, respectively; t 24 = À0.82, P = 0.42). However, no effect of laterality was observed for tract volume within the uncinate fasciculi in either the blind (t 24 = 0.23, P = 0.82) or sighted (t 18.527 = À1, P = 0.32) groups after adjusting for intracranial volume. With regard to the arcuate fasciculus, prior to adjusting for intracranial volume, the left arcuate was significantly larger than the right in the sighted control group (2596.9 mm 3 AE 821.2 SD compared to 1971.7 mm 3 AE 639.2 SD; t 26 = 2.25, P = 0.03). However, no statistically significant difference was observed between the left and right arcuate tract volumes in the blind group (2674.8 mm 3 AE 1022.8 SD compared to 2281.1 mm 3 AE 752.2 SD, respectively; t 24 = 1.12, P = 0.27). No effect of laterality with respect to arcuate tract volume was observed after adjusting for intracranial volume in either the blind (t 24 = À028, P = 0.78) or sighted control (t 26 = 0.50, P = 0.62) groups. Thus, the left and right reconstructions were queried separately for further analysis.
Investigating the variables related to structural integrity revealed that the volume of the left uncinate was larger in the early blind individuals compared to sighted controls (232.9 mm 3 AE 370.6 SD compared to À134.6 mm 3 AE 221.7 SD, respectively; t 25 = À3.16, P = 0.0041, P Bonferroni = 0.033), while the right uncinate volume was not significantly different between groups after correcting for intracranial volume (blind = 197.6 mm 3 AE 395.9 SD, control = 4.5 mm 3 AE 469.3 SD; t 25 = À1.15, P = 0.26). Likewise, neither volume of the left arcuate (blind = 142.1 mm 3 AE 1023.4 SD, control = 71.29 mm 3 AE 819.9 SD; t 25 = À0.20, P = 0.84) nor right arcuate (blind = 240.0 mm 3 AE 752.1 SD, control = À671.2 mm 3 AE 641.1 SD; t 25 = À1.14, P = 0.26) were significantly different between groups (Fig. 2) .
Mean QA of the uncinate did not differ significantly between groups for either the left (blind = 0.18 AE 0.05 SD, control = 0.17 AE 0.07 SD; t 25 = À0.48, P = 0.64) or right fasciculi (blind = 0.18 AE 0.05 SD, control = 0.17 AE 0.07 SD; t 25 = À0.74, P = 0.47). Similarly, mean QA of the arcuate also did not differ significantly between groups for either the left (blind = 0.20 AE 0.06 SD, control = 0.18 AE 0.07 SD; t 25 = À0.77, P = 0.45) or right fasciculi (blind = 0.21 AE 0.05 SD, control = 0.18 AE 0.06 SD; t 25 = À1.25, P = 0.22; Fig. 3 ). Finally, along-tract analysis did not reveal any significant differences in QA between blind and control groups for the uncinate fasciculus bilaterally, or for the left arcuate fasciculus. In the right arcuate fasciculus, a small area of increased QA was observed approximately halfway along the tract (adjusted P = 0.017; Fig. 4 ).
Discussion
In this study, we compared the structural white matter properties of the arcuate and uncinate fasciculi using HARDI and found an increased volume of the uncinate fasciculus in early blind individuals compared to sighted controls. The exact physiological significance of this increased fiber volume remains indeterminate at this juncture, as it may reflect an increased number of axons, larger axon diameter, or increased axonal myelination within the tract (Ocklenburg et al., 2014) . However, all of these possibilities have been associated with more efficient transmission of action potentials (Hodgkin & Rushton, 1946; Hodgkin & Huxley, 1952) , which in turn may reflect improved communication between the frontal and temporal lobes (Ocklenburg et al., 2014) .
Given the broad functions supported by the uncinate fasciculus, it is difficult to ascertain how an increase in white matter fiber volume is associated with potential behavioral differences in performance in blind individuals. Previous behavioral and neuroimaging studies suggest that early blind individuals demonstrate increased abilities in auditory processing (Arno et al., 2001; Fieger et al., 2006) and verbal/auditory working memory (Amedi et al., 2003; Withagen et al., 2013) . These observations of enhanced behavioral performance may be mediated by a combination of both cross-modal changes at the level of occipital cortical areas and changes in the structural properties of key white matter pathways such as the uncinate fasciculus as observed in this study.
In our analyses, we also observed a left lateral asymmetry for both the uncinate and arcuate fasciculi in our sighted control group prior to adjusting for intracranial volume. This left asymmetry has also been reported previously in normally sighted individuals (Kubicki et al., 2002; Fern andez-Miranda et al., 2015; Vassal et al., 2016) . A leftward-biased laterality has also been previously described in areas connected by the uncinate and arcuate fasciculi, with an increased volume in both Broca's and Wernicke's areas (Parker et al., 2005) and stronger cortical activation in the left language network (Binder et al., 1997) . In our sample, this asymmetry was not present in the ocular blind group and may provide further evidence for structural differences implicating the language system in individuals with early-onset blindness.
Lastly, we observed a small area of increased QA in the middle of the right arcuate fasciculus that was observed in the blind group. QA is often used to indicate overall white matter structural integrity (Yeh et al., 2010) and may reflect the underlying white matter organization, whereby higher anisotropy is indicative of more cohesively organized tracts (Budde & Annese, 2013) .
The results of this study contribute to our growing knowledge regarding the dramatic neuroplastic changes that occur as a result of early and profound blindness. Given the relatively small size of this study, these findings await further confirmation in a larger population sample (Poldrack et al., 2017) . Although minimal changes in QA were observed in our sample, these changes may appear to be more robust in a larger sample. In this study, enrollment of a large sample population remains challenging given our strict criterion of documented profound blindness prior to the age of three and residual vision no greater than light perception. Future studies with a larger population, perhaps implicating a multi-center study, are warranted to confirm these early findings. Furthermore, future studies should also assess structuralfunctional relationships to uncover the potential association between observed increases in the left uncinate fasciculus volume and various behavioral tasks supported by this white matter pathway.
In conclusion, reported compensatory changes in non-visual modalities present in early blind individuals may not solely be governed by cross-modal changes implicating the occipital lobe. The results of this study indicate that structural changes implicating key white matter pathways supporting non-visual functions, such as the uncinate fasciculus, may also play a key role.
